Reactive oxygen species (ROS), as potent propagators of the peroxidation of cellular components, are well known as inducers of a wide variety of diseases. However, recent studies have revealed that physiologic concentrations of ROS play a role as a regulator of cellular functions. 1, 2) ROS are produced in a variety of cells stimulated with cytokines, peptide growth factors, and agonists of receptors such as transdermal growth factor (TGF-b1), 3, 4) interleukin-1, 5) tumor necrosis factor (TNFa) 6) ; epidermal growth factor (EGF) 7) and angiotensin II. 8) ROS generated in response to these stimuli activate the transcriptional factors and molecules of signal transduction, such as NF-kB, 9) AP-1, 10) small G-protein, mitogen-activated protein (MAP) kinases, 10) protein kinase C, 12) phospholipase A 2 , 13) phospholipase C, 14) and phospholipase D. 15) ROS are also known to regulate the signal for apoptosis. The relationship between ROS and apoptosis is suggested from many experimental results. Apoptosis has been induced by pro-oxidant agents, such as hydrogen peroxide, diamide, etoposide semiquinones, lipid hydroperoxide, nitiric oxide (NO), and UV irradiation. 16) Mitochondria are the major physiological sources of ROS, which are generated during mitochondrial respiration. ROS that are generated in excess in mitochondria act as a mediator of the apoptotic signaling pathway. 17, 18) Elevation of ROS has been found in mitochondria of apoptotic cells induced by TNFa and ceramide. However, the molecular mechanisms of the modulation of the cellular functions including apoptosis by ROS are still unclear.
Phospholipids that are rich in unsaturated fatty acids that are particularly susceptible to ROS attack; which produces the lipid hydroperoxides and their degraded lipids. Recent studies have demonstrated that some oxidized lipids exhibit specific biological activities such as the activation Ras, NFkB, mitogen-activated protein kinases (MAP kinase) and cJun amino-terminal kinase (JNK). 19, 20) The involvement of lipid hydroperoxide and/or oxidized lipids in the induction of apoptosis remains to be resolved.
The primary cellular enzymatic defense system against damage with lipid hydroperoxide is the glutathione redox cycle with glutathione peroxidase (GPx). Phospholipid hydroperoxide glutathione peroxidase (PHGPx) is a unique antioxidant enzyme in that lipid hydroperoxide generated in the biomembrane is scavenged.
This review addresses the role of mitochondrial PHGPx in the regulation of apoptosis and discusses the involvement of phospholipid hydroperoxide in the initiation of apoptosis.
PHOSPHOLIPID HYDROPEROXIDE GLUTATHIONE PEROXIDASE
There are four types of GPxs known; contain a selenocysteine at the active site which reduces hydrogen peroxide and lipid hydroperoxide. Classial or cytosolic GPx (cGPx) has been extensively studied. cGPx is an 85-kDa tetrameric protein with four identical 22-23 kDa subunits, each of which contains one selenocysteine residue, and is widely distributed in mammalian tissues. cGPx protectes cells suffering from oxidative stress by the reduction of intracellular hydrogen peroxide and fatty acid hydroperoxide. However, cGPx can not access the fatty acid hydroperoxide acylated with phos-pholipid in the membrane. 21) Gastrointestinal GPx (GPx-GI) which is a tetrameric protein, occurs in the cytosol. In rats, GPx-GI messenger RNA (mRNA) is predominant in the gastrointestinal tract although in humans it can be found in the liver intestine. 22) GPx-GI and cGPx have similar substrate specificity. Plasma GPx (pGPx) or extracellular GPx (eGPx) is a tetrameric glycoprotein and occurs in plasma. The cDNA of pGPx has been sequenced for many species, including human, rat, mouse, and bovine. These studies predicted subunit molecular weights of approximately 23-25 kDa. mRNA for pGPx is found predominantly in the kidney, particularly in epithelial cells of the proximal tubules. 23) PHGPx (GPx4), which was discovered by Ursini's group, is a peroxidation-inhibiting protein. 24) PHGPx has been cloned from porcine, 25) rat, 26, 27) mouse 28, 29) and human species.
30) The sequence of PHGPx is between 30% and 40% identical to that of cGPx, depending on the species of origin used for comparison. In the full-length PHGPx gene there are seven exons, and several hormone-responsive elements in the 5Ј untranslated region that may be related to the function of PHGPx in the testis. 31 ) mRNA for PHGPx is widely expressed in normal rat tissues, especially in the testis. 26, 32) PHGPx has unique features compared with other types of GPx. First, PHGPx is a 20-22 kDa monomer protein, whereas the other GPxs are tetramers. 33) Second, PHGPx has an affinity to biomembranes and reduces lipid hydroperoxide generated in biomembranes including phospholipid hydroperoxide and cholesterylester hydroperoxide. 34) Third, thymine hydroperoxide is reduced by PHGPx. 35) In contrast to cGPx and GPx-GI, PHGPx can use a wide range of reducing substrates in addition to glutathione. 36) PHGPx has been detected in the cytosol, mitochondria, and nuclear membrane. 37) cDNA for PHGPx includes two potential sites for the initiation of translation in the first exon Ia of PHGPx genomic DNA. 27, 38) One deduced product is a long-form protein of 197 amino acids (L-form, 23 kDa) and another product is a short-form protein of 170 amino acids (S-form, 20 kDa). The additional 27 amino acids at the N-terminal amino acid include the mitochondrial targeting signal. Green fluorescent protein with the targeting signal is transported to mitochondria in RBL2H3 cells following transfection, 38) indicating that L-form PHGPx is the mitochondrial PHGPx. Levels of PHGPx were significantly enhanced in mitochondria by transfection of the cDNA of L-form PHGPx in RBL2H3 cells. 39) Transfection of S-form PHGPx cDNA showed that the S-form PHGPx was not transported into mitochondria but was expressed in other organelles, indicating that the S-form is non-mitochondrial PHGPx. 37) Recently, Pfeifer et al. found a 34-kDa selenoprotein (SnGPx) in the nuclei of rat sperm in which the N-terminal amino acid sequence was identified as a different first exon, Ib, that exists between exon Ia and exon II in the PHGPx genomic DNA. 40) Exon Ib includes a nuclear targeting signal. Three types that are mitochondrial, nonmitochondrial, and nuclear types of PHGPx are produced by alternative transcription from one gene.
PROTECTION FROM APOPTOSIS BY THE OVEREX-PRESSION OF MITOCHONDRIAL PHGPx
Overexpression of antioxidant enzymes including PHGPx in mammalian cells provides a useful model system to clarify the significance of PHGPx in the apoptosis signal processes. Overexpression of antioxidant enzyme has been reported to provide protection against different types of apoptosis. 16) Overexpression of superoxide dismutase (Cu/Zn-SOD), 41, 42) thioredoxin peroxidase (TPx), or peroxiredoxin (Prx), 43, 44) catalase, 37) and cGPx 45) in mammalian cells suppressed the apoptosis. Overexpression of mitochondrial antioxidant enzyme, Mn-SOD [46] [47] [48] and mitochondrial PHGPx [49] [50] [51] effectively suppressed apoptosis induced by various stimuli. Mitochondrial PHGPx also suppressed cell death in rabbit aortic smooth muscle cells, human breast cancer cells (MCF-7 cells), and lung breast tumor cells that were caused by oxidized low-density lipoprotein (LDL), 51) photosensitizers, 52) and cholesterol hydroperoxide, 53) respectively. RBL2H3 cells that overexpressed mitochondrial PHGPx were resistant to apoptosis induced by 2-deoxyglucose (2DG), etoposide, staurosporine, UV irradiation, cycloheximide, and actinomycin D, but not to apoptosis induced by Fas-specific antibodies or by A23187. 49) However, overexpression of nonmitochondrial PHGPx failed to prevent the induction of apoptosis by these stimuli. Elevation of hydroperoxide at the early phase of apoptosis (within 1 h) in mitochondria by 2DG was suppressed in mitochondrial PHGPx-overexpressing cells that were resistant to apoptosis; while the hydroperoxide levels in mitochondria enhanced in nonmitochondrial PHGPxoverexpressed cells which were induced apoptoisis. 49) Higuchi et al. demonstrated that apoptosis induced by TNFa did not occur in ML-1a cells that were rendered respiration deficient by treatment with ethidium bromide. 54) From these previous studies of the overexpression of PHGPx and Mn-SOD, the generation of superoxide, hydrogen peroxide, or lipid hydroperoxide in mitochondria might be important triggers of apoptosis.
CARDIOLIPIN HYDROPEROXIDE AS AN INITIATOR OF APOPTOSIS SIGNAL
Cyt. c is known as an initiator of apoptosis.
55) The release of cyt. c from mitochondria is an important proapoptotic signal in the mitochondrial death pathway. The released cyt. c from mitochondria activates caspase 9 in concert with the cytosolic factors ATP and Apaf-1, and then caspase 3 is activated. However, the mechanism by which cyt. c is released from mitochondria is unknown. Overexpression of Mn-SOD or PHGPx genes in mouse neuron-like cells prevented cell death and cyt. c release caused by lipid peroxidation or mutant SOD1. 56) Overexpression of mitochondrial PHGPx in RBL2H3 cells prevented the release of cyt. c and apoptosis induced by 2-DG. 49) Less hydroperoxide was produced in mitochondria from cells overexpressing mitochondrial PHGPx after the exposure to 2DG. Lipid hydroperoxide generated in mitochondria might be one of the triggers that liberate cyt. c from mitochondria, because lipid peroxide is a primary substrate for PHGPx.
Cyt. c in mitochondria locates in the intermembrane space and interactes with the surface of the inner membrane of mitochondria. 57, 58) Therefore two steps appear to be required for the release of cyt. c from mitochondria to the cytosol. The first step is the dissociation of cyt. c from the inner membrane, and the second step is the opening of an outer mem-brane pore for the release of free cyt. c.
Cyt. c strongly associates with cardiolipin (CL), 59) which is located exclusively in the inner membrane of mitochondria. Cyt. c preferentially binds to monolayers of acidic phospholipids, such as phosphatidylserine, phosphatidylinositol, and CL, and the affinity of cyt. c to the CL monolayer was most potent among the acidic phospholipids. 59) Cyt. c also bound to liposome containing 10% CL. On the other hand, the binding of cyt. c to the CL monolayer significantly decreased when CL monolayer was autooxidized. Cyt. c did not bind to a monolayer of CL hydroperoxide (CLOOH) which was chemically synthesized. Cyt. c bound to CL liposomes was liberated from the liposomes by the peroxidation of the liposomes with a radical initiator. Ott et al., 60) Petrosillo et al., 61) and Imai et al. 62) showed that oxidative stress dissociates cyt. c from CL in isolated mitochondria. Generation of CLOOH in mitochondria was found in apoptosis induced in RBL2H3 cells upon challenge with 2-DG, although peroxidation of CL was significantly prevented in apoptosis-resistant cells, which are mitochondrial PHGPx-overexpressing cells. 59) CL would be a preferential target for ROS generated in mitochondria during apoptosis, since CL consists of high amounts of polyunsaturated fatty acids, especially linoleic acid, as compared with other phospholipids. A significant increase in the CLOOH content was observed in isolated mitochondria by treatment with ROS-generating systems, such as t-BuOOH, CuOOH, antimycin A, and Fe 2ϩ /ascorbic acid. 60) Cyt. c bears a net positive charge of ϩ8 and binds to model membranes containing acidic phospholipids. 63) Two different types of interaction have been characterized for the membrane binding of cyt. c, and have been shown to occur at distinct sites called the A-site (electrostatic interaction site) and the C-site (hydrogen-and hydrophobic-interaction site). 64, 65) The hydrophobic component of the C-site-mediated interaction of cyt. c with an acidic phospholipid has been suggested to due to the so-called extended lipid anchorage.
66) The structure of acidic phospholipids, which consist of acyl chains and acidic polar groups, is essential for the interaction with cyt. c, suggesting that appropriate structures of cyt. c CL in bilayers are necessary for the association of cyt. c with CL. Analysis of NMR spectroscopy showed the loss of molecular interaction between cyt. c and CL liposomes following peroxidation of liposomes. 67) The reason for the disruption of the interaction between cyt. c and biomembranes containing CLOOH is unclear; however, the interaction of the fatty acid of CL with the hydrophobic region of cyt. c might be disturbed by the peroxidation of the fatty acid chain of CL. 65) Alternatively, it is possible that the failure of CLOOH to bind cyt. c might be due to a change in the conformation of cyt. c by lipid peroxidation. Jemmerson et al. demonstrated a conformational change in cyt. c in apoptotic and necrotic T hybridoma cells using cyt. c-specific monoclonal antibodies that recognized the conformation of cyt. c in a nonnative form. 58) Thus generation of CLOOH in mitochondria might be a primary event that triggers the dissociation of cyt. c from the mitochondrial inner membrane during the apoptotic process in which mitochondrial PHGPx participates as an antiapoptotic factor by preventing the formation of CLOOH.
Free cyt. c in the intermembrane space passes through a channel of the outer membrane. Two models have been proposed to explain the release of cyt. c from mitochondria after the initiation of apoptosis. The first is that proapoptotic members of the Bcl-2 protein family directly form pores in the outer membrane of mitochondria.
68) The second model is that there is an opening of a mitochondrial channel called the permeability transition pore (PT pore), which is formed at the contact sites between the inner membrane and outer membrane of mitochondria. The core components of the PT pore complex are the adenine nucleotide translocator (ANT), cyclophilin D, and the voltage-dependent anion channel. Opening of the PT pore and in turn the mitochondrial permeability transition (MPT) was prevented by thiol reductants such as dithiothreitol, 69) while thiol oxidants such as diamide and phenylarsine oxide promote MPT. 70) Various antioxidant enzymes including catalase and thioredoxin peroxidase 69, 71) can protect against MPT. Extensive lipid oxidation paralleled MPT when mitochondria were treated with t-BHP. 71) Lipid oxidation was also associated with MPT promoted by peroxynitrate.
72) Strong inhibition of swelling was observed in t-BHP-treated mitochondria isolated from cells in which mitochondrial PHGPx was overexpressed. 62) These previous results suggest that the opening PT pore and MPT could be induced directly by ROS.
ANT is a 30-kDa protein exclusively localized to the inner membrane and is involved in the specific exchange of ADP and ATP. ANT may participate in the regulated system of the opening and closing of PT pores. A central role for ANT in the regulation of PT pore opening and the release of cyt. c was demonstrated in experiments with two pharmacologic inhibitors of ANT. 73) Bongkrekic acid bound to the matrix face of ANT suppresses the opening of PT pores and the release of cyt. c from mitochondria. A atractyloside, bound to the intermembrane side of the ANT can induce the release of cyt. c via PT pores. ANT is a basic protein of which excess cationic charges are at least partially compensated by the close interaction with acidic lipid CL. 74) Purified ANT from bovine heart contains six molecules of tightly bound CL per protein dimer. 75) Dissociation of CL from ANT can only be achieved under denaturing conditions, but results in the complete loss of ANT activity. 76) In ANT reconstituted liposome experiments, ANT activity appeared in proteoliposomes containing 10% CL or phosphatidylglycerol, but not other classes of phospholipid. 62) ANT activity was not found in the proteoliposome containing CLOOH. ANT activity is also competitively inhibited by the addition of CLOOH in reconstituted liposomes containing CL. When isolated mitochondria were incubated with liposomes containing CLOOH, fusion of CLOOH into the mitochondria caused the inactivation of ANT, 62) suggesting that CLOOH inactivates ANT. CLOOH generated in the inner membrane might cause the loss of activity of ANT through two mechanisms. The first possibility is the displacement of CL by CLOOH, a molecule that is necessary for the activity of ANT. The second is the modification of thiol groups in ANT by CLOOH and/or its degraded products.
ANT activity was significantly inhibited in the apoptosisinduced cells. Ver Heiden et al. reported that ANT activity was lost during apoptosis induced by withdrawal of interleukin 3. 77) Inactivation of ANT was also found in apoptosisinduced RBL2H3 cells. 62) Activity of ANT in apoptosis-induced cells decreased to half the original activity at 4 h after the addition of 2DG. This time corresponds well to the time of cyt. c release from mitochondria. Suppression of the accumulation of CLOOH by the overexpression of PHGPx in mitochondria effectively protected the inactivation of ANT, the opening of PT pores, and the release of cyt. c from mitochondria, suggesting that the inactivation of ANT could be related to the release of cyt. c from mitochondria.
Recent studies have demonstarated that CL is closely connected to the initiation of apoptosis. Ostrer et al. demonstrated that a decrease in the synthesis of CL was associated with the release of cyt. c in palmitate induced apoptosis of cardiomyocytes. 78) Ca 2ϩ dependent packing of CL and formation of CL domains in mitochondria induced the generation of ROS through the respiratory chain. Lutter et al. also reported that CL was required for the specific targeting of tBid to mitochondria. 79) These findings suggest that CL might be one of the crucial molecules regulating the initiation of apoptosis (Fig. 1) , and that mitochondrial PHGPx might play a role as an anti-apoptotic factor by the modulation of CLOOH levels in the mitochondria. 
